In temperate, industrialized countries, such as Canada, varicella is a common disease in childhood [1] . In tropical countries, for reasons that are not entirely clear, varicella occurs among young adults. Seroprevalence data from tropical regions suggest that up to 30% of individuals are susceptible to varicella at 20 years of age, and 5%-10% remain susceptible at 30 years of age [2, 3] . There have been many reported outbreaks of varicella in immigrant populations in industrialized countries, suggesting that foreign-born adults are disproportionately susceptible [4] [5] [6] . Recent immigrants also have a high risk of exposure, because many are the parents of young children, who have a high annual incidence of varicella unless they are vaccinated.
Varicella is more severe in adults than in children and is associated with a greater risk of complications and death [7] . The fetuses and neonates of pregnant women who develop varicella may develop congenital or neonatal varicella, with high case-fatality rates [8, 9] .
Preventing varicella in young adult immigrants, therefore, is important because of the susceptibility of this population and the potential for adverse outcomes. A live-attenuated vaccine was licensed in Canada in 1998 and is now universally available for children !13 Figure 1 . Illustration of the Markov process used to determine the expected number of varicella cases, the number of cases of varicella-related permanent disability from encephalitis, and the number of varicella-related deaths. It includes 4 end states (death, permanent disability, immune, and susceptible). Vaccination strategies. Four vaccination strategies were compared with a "no intervention" strategy. These strategies were (1) vaccination of all individuals, (2) serological testing of all individuals and vaccination of those with results indicating susceptibility to varicella, (3) vaccination of individuals with a negative or uncertain history of varicella, and (4) serological testing of those individuals with a negative or uncertain history of varicella and vaccination of those with results indicating susceptibility to varicella. Figure 1 illustrates the Markov process used to estimate varicella-related outcomes.
Seroprevalence estimates. This analysis builds on a previous seroprevalence study of vaccine-preventable diseases among immigrants and refugees in Montreal, Quebec [23] . A cohort of 1480 adult immigrants and refugees from 6 major geographic regions of the world [24] were recruited from 5 Montreal clinics and hospitals. The mean age (‫ע‬SD) of the cohort was years, and individuals had lived in Canada 32.3 ‫ע‬ 9 for a mean (‫ע‬SD) of months. Subjects were admin-21 ‫ע‬ 16 istered a questionnaire to gather information on age, country of origin, and past history of vaccine-preventable disease. Serological testing was performed for varicella and other vaccinepreventable diseases. Table 1 summarizes the observed seroprevalence of varicella antibodies by age and region of origin.
In addition, we estimated varicella seroprevalence within a hypothetical cohort of new immigrants arriving in the United States: we standardized the population structure to reflect the regions of origin of immigrants who arrived in the United States between 2003 and 2005.
In our primary analysis, the population of interest is a hypothetical cohort of 100,000 individuals aged 30 years with the same overall seroprevalence (92%) as in the Montreal study [23] who present for routine care during the year following their arrival in Canada. The simulation covers a 20-year period.
Probability and cost estimates. Probabilities and costs were derived from published studies and cost data from Public Health Departments in the province of Quebec [27] . Table 2 lists base-case estimates and ranges for key probabilities and costs.
Force of infection. In the base-case analysis, we estimated an annual attack rate of 7% for varicella among susceptible adults. Brisson et al. [29] reported attack rates of 0.04-0.09 infections per susceptible-year for individuals aged у19 years in Canada that were based on physician billing data from the province of Manitoba. Similar rates were documented in the United Kingdom [29] , Luxembourg [35] , and Australia [36] .
Vaccine efficacy. We assumed seroconversion rates of 78% and 99% after the first and second doses of vaccine, respectively [11, 12, 15, 16, 31, 38] . Because the varicella vaccine does not provide life-long immunity, we assumed that 3% of successfully vaccinated individuals would revert to susceptibility each year [31] .
Acceptance of and adherence to vaccination. In a large varicella screening and vaccination program conducted among health care workers in Singapore, 26%-57% refused vaccination despite counseling [28] . We estimated that 30% of individuals would refuse vaccination despite screening according to history or serological test results, similar to previous analyses [17, 18] . Among individuals accepting vaccination, we estimated that 90% would return for the second dose of vaccine, as reported in previous studies [15] .
Value of history and serological test results. A self-reported history of varicella is highly predictive of immunity in most populations, although it is somewhat less so in 1 study involving immigrants [18, 41] . In contrast, up to 87% of individuals with a negative or uncertain history of varicella will have serological evidence of immunity. In our previous seroprevalence study, we found that a self-reported history of prior varicella had a sensitivity of 43% and a specificity of 89% with respect to the presence of varicella antibodies [23] . These values were used in the base-case analysis. We assumed a sensitivity of 99% and a specificity of 99% for serological testing [16, 17, 37] .
Pregnancy-related events. For women aged 30 years, we estimated an annual live birth rate of 9.1% [42] . This rate decreased to 3.6% by age 35 years and to 0.6% by age 40 years. Congenital varicella was estimated to occur in 2.2% of fetuses exposed to maternal varicella during the first 20 weeks of gestation [15] . If maternal varicella occurred within 5 days of delivery, an estimated 20% of neonates were expected to contract varicella [15] .
Costs. All costs were calculated in Canadian dollars for the year 2005. Published costs from previous years were converted into 2005 dollars using the Consumer Price Index for health care products from Statistics Canada [42] . Direct costs for hospitalizations were derived from a published report by the Montreal Public Health Department [27] , which describes 909 hospitalizations for varicella in Quebec over the period 1994-1996. Additional costs, including physician charges for treating mild disease, costs of prescription medications, and household expenditures, were derived from 2 separate Canadian studies [33, 43] . We estimated an annual direct medical cost of Can$45,000 for individuals who developed permanent disability from varicella encephalitis [15] .
Indirect costs were calculated on the basis of previously published data from Quebec [34] , as well as from Germany [13] and France [14] . To estimate the cost of lost productivity associated with varicella infection, we attributed lost hours of work to all adults with varicella. Although only 60% of individuals participate in the labor force [42] , we also intended to capture the value of lost productivity by individuals not involved in paid employment, including the value of housework and child care. Adults who contracted varicella were expected to miss 10.7 days of work and/or other duties [13] [14] [15] . We derived hourly wage rates specific to the age and sex distribution of our population from national data [42] . We then halved these values, because immigrants to Canada earn an average of 50% of the earnings of Canadian-born persons of the same age and sex during the first 5 years after arrival [44] . We assumed that death or permanent disability caused by varicella resulted in forgone income of Can$20,000 per person per year, a figure based on the average household income of participants in the Montreal seroprevalence study [23] .
The varicella vaccine was assumed to cost Can$35.01, including administration fees and medical costs associated with minor adverse reactions (which are expected to occur in 2% of vaccinated individuals) [12, 15, 32] . Materials, processing, and administrative fees for serological testing were assumed to cost Can$20.00 [12, 16] . We did not assign an additional cost for the initial health care visit, because we assumed that screening for varicella would occur during a routine visit.
Utilities. Varicella infection in adults is usually associated with transient symptoms that have a consistent impact on an individual's quality of life. We used previously published utility estimates for varicella-related health states [16, 39, 40] . We estimated a mean duration of illness of 7 days for varicella infection. Patients requiring hospitalization were estimated to have lengths of stay of 4 days for supportive care and 7 days for treatment of complications. Patients were assigned a health utility score of 0.4 for hospitalized days and 0.7 for nonhospitalized days.
Sensitivity analyses. One-way sensitivity analyses were performed for all variables, and a 2-way sensitivity analysis was performed for the sensitivity and specificity of a self-reported history of varicella. Wherever possible, the lowest and highest values derived from the literature were used to estimate the range across which parameters varied. Threshold analyses were performed when variation in any parameter resulted in a change of optimal strategy. In the past decade, varicella exposure may have become less frequent and attack rates may have decreased because of the introduction of childhood vaccination programs. Therefore, in sensitivity analysis, we considered annual attack rates that were as low as 0.033% among individuals susceptible to varicella [16] .
RESULTS
Base-case analysis. Results for total costs, effectiveness, and incremental cost-effectiveness from the base-case analysis are summarized in table 3. With no intervention offered, we predicted that 5020 cases of varicella would occur over a 20-year period in our cohort of 100,000 individuals, costing Can$1.2 million in direct medical costs and Can$4.3 million in lost productivity.
In the base-case analysis, selective serological testing of individuals with no self-reported history of varicella was the least costly method, saving Can$585,000 relative to no intervention. This strategy was expected to prevent 37% of cases, relative to no intervention. Serological testing of all individuals was also cost-saving relative to no intervention and was expected to prevent 42% of cases. This strategy was more costly than the selective serological testing strategy and was associated with an incremental cost-effectiveness ratio of Can$2618 per additional Figure 3 . Two-way sensitivity analysis for sensitivity and specificity of a self-reported history of varicella. The graph indicates the least expensive strategy for any given combination of sensitivity and specificity. For most combinations, the selective serological testing strategy is preferred. When both sensitivity and specificity are poor, the preferred strategy is to perform serological testing of all immigrants. When both sensitivity and specificity are very high, selective vaccination (based on history) is preferred. case avoided and Can$384,600 per QALY gained, relative to the selective strategy. Figure 2 illustrates how variation in seroprevalence yields a range of net savings for each strategy relative to no intervention. At a seroprevalence of 84% (which is the seroprevalence found among South Asian immigrants !35 years old), all strategies were cost-saving relative to no intervention, although selective serological testing remained the cheapest strategy. At a seroprevalence of 97%, corresponding to the overall seroprevalence among individuals aged у35 years, no intervention was the cheapest strategy. At a seroprevalence of р70%, the expected costs of the strategies changed, such that selective serological testing was no longer the cheapest. However, the probability of varicella immunity will exceed 70% among most adult immigrants. The threshold seroprevalences below which each of the strategies were cost-saving, compared with no intervention, were as follows: selective serological testing, 95%; serological testing of all individuals, 92%; selective vaccination, 90%; and vaccination of all individuals, 85%.
Secondary outcomes. In the absence of any intervention, we predicted 14 deaths and 12 cases of permanent disability per 10 million immigrants. The selective serological testing strategy was expected to prevent 38% of deaths and cases of permanent disability. Congenital and neonatal sequelae from varicella were also rare outcomes (table 4). The selective serological testing strategy was expected to prevent one-half of the cases of congenital and neonatal varicella and, therefore, one-half of the ensuing outcomes of permanent disability and death.
Sensitivity analyses. One-way sensitivity analyses suggested that our results were robust across a wide range of assumed values for most key parameters, including utility estimates. However, an important finding was that it became cheaper not to intervene when the annual varicella attack rate was !3.8% among susceptible persons. Other thresholds at which it became cheaper not to intervene were a vaccine-refusal rate 154%, a serological testing cost 1Can$31 per test, or productivity losses !Can$527 per varicella case. The selective serological testing strategy remained least costly across a wide range of plausible combinations for the sensitivity and specificity of a self-reported history of varicella (figure 3).
DISCUSSION
Our results suggest that routine serological testing of young adult immigrants in Montreal without a self-reported history of varicella, followed by vaccination of individuals found to be susceptible to varicella, would prevent an estimated 37% of cases and would be the most cost-saving intervention from a societal perspective. Serological testing of all individuals would also be cost-saving, relative to no intervention, and would prevent slightly more cases than the selective serological testing strategy, with an estimated cost of Can$2618 per additional case avoided and Can$384,600 per QALY gained.
In the Montreal seroprevalence study [23] , the prevalence of varicella immunity among immigrants soon after arrival in Canada varied by age. Younger immigrants are more susceptible than their older counterparts to varicella. Therefore, for older immigrants, the "no intervention" option was the least costly, whereas selective serological testing incurred a moderate additional cost. Among younger individuals, immunity varied substantially by region of origin. Young South Asians were more likely than others to be seronegative, whereas young North Africans had the lowest rate of seronegativity. Persons from other regions had rates of seronegativity between these 2 extremes. Even though selective serological testing was the most cost-effective strategy when the rate of seroprevalence was у70%, each of the strategies was potentially cost-saving relative to no intervention, depending on the expected seroprevalence.
In the United States, the immigrant population has a substantially different profile from the group studied in Montreal. In the United States, many more immigrants come from Latin America-notably, from Mexico. When we standardized the immigrant population structure to reflect that of the United States in terms of region of origin, we estimated an overall seroprevalence of 91%. At this seroprevalence, selective serological testing would again be cost-saving.
However, extrapolation of these results to the United States is limited by several parameters. The seroprevalence estimates for subgroups defined by region of origin (from the Montreal seroprevalence study [23] ) had relatively wide confidence intervals. Canadian cost estimates for hospitalizations and other medical care were used in this analysis; because hospitalization costs are lower in Canada than in the United States for many conditions, this would underestimate cost-savings related to varicella prevention [45] . We used lower vaccination costs than in other analyses (Can$70 vs. Can$107-Can$140) which would increase the cost-savings associated with vaccine-related interventions. However, we used the true bulk cost of the vaccine to the Public Health Department of Quebec [32] , which provides the vaccine to health care practitioners.
Several analyses have addressed the cost-effectiveness of varicella immunization among selected groups of adults, and our findings are consistent with the findings of these studies [15] [16] [17] [18] . Smith et al. [15] estimated that serological testing of pregnant women who denied previous varicella followed by postpartum vaccination of those found to be susceptible to varicella would prevent 43% of varicella cases and would be cost-saving from a societal perspective. They estimated that serological testing of all individuals would cost an additional Can$7653 per additional case prevented. Chodick et al. [17] concluded that serological testing of workers with a negative or uncertain history of varicella with subsequent vaccination of those individuals found to be susceptible to varicella was the most costsaving strategy for health care workers, preventing an estimated 43% of cases, compared with no intervention.
Some investigators have cited a threshold value of US$50,000 per QALY gained when making judgments as to the relative cost-effectiveness of different strategies [46] . The 2 cheapest strategies-selective serological testing and mass serological testing-were cost-saving, relative to no intervention. When compared with the selective serological testing strategy, serological testing of all individuals would greatly exceed this threshold per QALY gained, although the cost per case avoided is relatively modest. The cost associated with the mass vaccination strategy would be prohibitively expensive, compared with this threshold value.
We did not include reactivation of herpes zoster virus infection and postherpetic neuralgia in our primary model, because these events are extremely uncommon in the 30-50-yearold age group (the age range examined in our study) [47] . We did address this issue in further modeling, and we estimated that the selective serological testing strategy would result in a maximum gain of 4 QALYs per 100,000 immigrants, referable to these end points-for a strategy that was already cost-saving. However, this analysis involved the questionable extrapolation of varicella zoster virus reactivation rates observed among persons infected during early life to persons who acquired primary infection during adulthood [47] .
Our results were robust across a wide range of values for most key parameters. However, it is clear that, with lower attack rates, all interventions will be less cost-effective. This is particularly relevant with increasing childhood vaccination coverage.
One potential limitation of the parent seroprevalence study [23] is that subjects had resided in Canada for a mean of nearly 2 years. Immigrants who had developed varicella after arrival were excluded from the study, meaning that we may have underestimated the likelihood of susceptibility at the time of arrival. Therefore, we may have underestimated the potential benefits of preventive interventions among new arrivals.
Our estimates for the sensitivity and specificity of self-reported varicella history differed from those in some previous reports. Christiansen et al. [48] found a sensitivity of 58% and a specificity of 71% for a self-reported history of varicella among refugees aged у7 years. MacMahon et al. [41] found a sensitivity of 61% and a specificity of 67% for a self-reported history of varicella among health care workers from tropical countries (mean age, 34 years). Our own estimates for the sensitivity and specificity of the self-reported history were de-rived from the large number of participants in the seroprevalence study [23] that informed our model. Histories were rigorously obtained, using photographs of varicella lesions and translation of the term varicella into the participants' native languages. Despite this, histories had a high false-negative rate, although false-positive histories were less common than has been reported elsewhere [41, 48] .
Our study highlights the importance of screening adult immigrants and refugees for a history of varicella, given the relative degree of varicella susceptibility in this population. Immigrants and refugees arriving in Canada tend to be young and productive, and they are likely to be exposed to varicella, because many are the parents of young children. Given the health risks posed by varicella and the potential health and economic benefits of a varicella vaccination program, we believe that targeted vaccination of newly arrived young adult immigrants would be both cost-saving to society and beneficial to the individuals concerned.
